Carotid-femoral pulse wave velocity (PWV) is considered to be a gold-standard measurement of arterial stiffness and a strong independent risk factor for cardiovascular disease and mortality. 1 Our group 2-4 and others [5] [6] [7] [8] [9] [10] [11] [12] have recently shown significant cross-sectional and longitudinal association between PWV and waist circumference (WC), suggesting that central obesity plays a role in the pathogenesis of arterial stiffness. A possible alternative explanation for the association between PWV and central obesity is, however, that the carotid-femoral traveled distance (TD), which is an essential factor in PWV calculation 13 usually assessed by tape stretched over the surface of the body, could be systematically biased in obese individuals. 1, 14, 15 Unfortunately, no population study so far has investigated whether the measuring of TD is biased in persons with central obesity and to what extent an obesity artifact may affect PWV calculation.
Carotid-femoral pulse wave velocity (PWV) is considered to be a gold-standard measurement of arterial stiffness and a strong independent risk factor for cardiovascular disease and mortality. 1 Our group 2-4 and others [5] [6] [7] [8] [9] [10] [11] [12] have recently shown significant cross-sectional and longitudinal association between PWV and waist circumference (WC), suggesting that central obesity plays a role in the pathogenesis of arterial stiffness. A possible alternative explanation for the association between PWV and central obesity is, however, that the carotid-femoral traveled distance (TD), which is an essential factor in PWV calculation 13 usually assessed by tape stretched over the surface of the body, could be systematically biased in obese individuals. 1, 14, 15 Unfortunately, no population study so far has investigated whether the measuring of TD is biased in persons with central obesity and to what extent an obesity artifact may affect PWV calculation.
Furthermore, although human studies have demonstrated a positive relationship between the amount of visceral fat and PWV, 16, 17 it has yet to be determined whether this association is merely a result of erroneous TD estimation or it reflects a genuine role of central obesity in the pathophysiology of arterial stiffness.
In this study, we hypothesized that wider WC is associated with an overestimation of TD and that this overestimation bias would explain, in part at least, the extent of the association between PWV and central obesity reported previously. To test this hypothesis, in addition to the traditional TD acquired over the body surface, we estimated linear TD using anatomical landmarks on computed tomography (CT) scout images, unaffected by central obesity, in participants of the Baltimore Longitudinal Study of Aging (BLSA). We compared the 2 TD measurements and their respective PWV and analyzed their association with WC and other measures of adiposity.
METHODS

Study population
The study sample was drawn from the BLSA, an ongoing, prospective study of normative aging in community-dwelling volunteers living primarily in the Baltimore-Washington area (United States). 18 Participants are enrolled in the study when they are healthy (e.g., no diabetes, cardiovascular disease, or cancer) and followed thereafter with regular visits. As a result, they are promptly diagnosed when any disease develops and treated consequently. A total of 738 unique participants (n = 375 women and 363 men) with PWV, totalbody dual x-ray absorptiometry scan (DEXA), abdominal CT, and WC available at the same study visit were included in the analysis. Seventeen of them were excluded because of inadequate CT scout images quality (typically, either the manubrium of the sternum, the pubic symphysis, or the neck of the femur was cut out of the image; see image reading protocol below). Finally, we considered 10 participants whose PWV was greater than 3 SDs above or below the sexspecific mean PWV value to be outliers.
All clinical variables presented in this analysis were routinely collected at each visit as per study protocol. The study protocol was approved by the Intramural Research Program of the National Institute on Aging and the Institutional Review Board of the MedStar Health Research Institute (Baltimore, MD). All participants provided informed participation consent at each visit.
Estimation of carotid-femoral pulse wave traveled time
Carotid-femoral pulse wave transit time (TT) was measured after the subject had rested in supine position in a quiet room for at least 10 minutes. Subjects abstained from food or from drinking coffee or other caffeine-containing beverages for at least 45 minutes before the test. Medications were not discontinued during the test. TT was calculated as the time interval between the feet of carotid and femoral arterial waveforms. Five hundred seventy-six of the 711 measurements included in this analysis were obtained using a Complior SP device (Artech Medical, Paris, France), and 135 measurements were obtained using a SphygmoCor device (AtCor Medical, Sydney, Australia), as described in detail elsewhere. 2 
Body surface-derived TD and PWV
The estimation of TD was performed over the body surface using a tape measure, with all participants lying on a bed without a pillow under the head and according to a standardized protocol used throughout the years since the introduction of PWV in the BLSA in the late 1980s. 2 Body surface-derived TD was calculated subtracting the distance from the carotid location to the manubrium of the sternum (CA_MS) from the sum of the distances between the manubrium of the sternum (MS_UMB) and the femoral site (UMB_FA) of measurement (body surface distance = ((MS_UMB + UMB_FA) − CA_MS)) ( Figure 1a) . 1, 19, 20 Body surface-derived PWV was calculated as the ratio between body surface distance and TT. This TD and PWV based on measures obtained over the body surface will further be referred to as subtracted TD and subtracted PWV, respectively.
CT-derived TD and PWV
All participants included in the analysis underwent a CT scan with a Somatom Sensation CT scanner (Siemens, Malvern, PA) according to the BLSA study protocol, which comprises the estimation of some thoracic, abdominal, and thigh muscles CT-derived parameters. Scout images of the body trunk and pelvis were saved in DICOM format and analyzed by 2 independent researchers following a meticulous reading protocol and using image-processing software (ImageJ, http://rsbweb. nih.gov/ij/; National Institutes of Health, Bethesda, MD).
The sagittal scout image of the body trunk (executed at the beginning of each scan to locate the correct levels for subsequent axial slices of the thorax and abdomen) was used to measure the distance between the manubrium of the sternum and the mid-fourth lumbar vertebral disk (MS_L4), which corresponds to aortic bifurcation site 21 and the umbilicus 22 in most patients (Figure 1b, left) . The distance between the mid-fourth lumbar vertebral disk and the neck of the femur (L4_FN) (Figure 1b, right) , corresponding to the common femoral artery, 23 was calculated as the square root of the sum of the squares of the distance between the mid-fourth lumbar vertebral disk and the pubic symphysis (L4_PS) and the distance between the pubic symphysis and the neck of the femur (PS_FN) (Figure 1b) , according to the Pythagorean theorem. Thus, the distance between the manubrium of the sternum and the common femoral artery measured over the body surface passing through the umbilicus corresponded to the distance between the manubrium of the sternum and the femoral neck measured using CT scout images passing through L4. The CT-derived TD was then calculated subtracting the distance from the carotid location to the manubrium of the sternum (the same measured over the body surface because this is not affected by central obesity) from the distance between the manubrium of the sternum and the femoral neck (CT-derived distance = ((MS_L4 + L4_FN) − CA_MS)). CT-derived PWV was then calculated as the ratio between CT-derived distance and TT. This TD and PWV based on measures obtained from CT images will further be referred as subtracted TD CT and subtracted PWV CT , respectively.
Eighty percent direct and estimated TD and PWV
Most recent guidelines 14 recommend taking the carotidfemoral distance in a straight line (preferentially with a sliding caliper or infantometer) and using 80% of this distance as the standard distance for daily practice. 14, 20 As an alternative, estimation of TD from body height is also suggested. 14, 24 Hence, with the aim of removing body habitus bias and avoiding the use of the so-called subtraction method, 2 additional PWVs were calculated: (i) 0.8 × direct PWV CT , by calculating TD as 80% of direct carotid-femoral straight distance from CT images (0.8 × direct TD CT = ((CA_MS + MS_L4 + L4_PS) × 0.80)); (ii) estimated PWV, by calculating TD using the formula proposed by Weber and colleagues (estimated TD = (body height/4) + 7.28). 24 The same TT was used as denominator for all of the above PWV calculations.
Estimation of body and abdominal fat
Total body fat. Total body fat was measured by DEXA using the Prodigy Scanner (General Electric, Madison, WI) with version 10.51.006 software, as validated in previous studies. 17 Total, subcutaneous, and visceral abdominal fat. A 10-mm axial transversal slice obtained using a Somatom Sensation CT scanner (Siemens, Malvern, PA) at the level between the fourth and the fifth lumbar vertebra was used to estimate total, subcutaneous, and visceral adipose tissue areas. Food residues in the intestines were removed, and different fat depots were automatically segmented and quantified, as previously described. 25 
Anthropometric measurements and other clinical variables
Waist circumference, defined as the minimal abdominal circumference between the lower edge of the rib cage and the iliac crests, was measured according to a highly standardized procedure, and National Cholesterol Education Program Adult Treatment Panel III criteria were used to estimate the prevalence of central obesity (WC >88 cm in women and >102 cm in men). The sagittal abdominal diameter, the distance between the back surface and the top of the abdomen midway between the lower edge of the rib cage and the iliac crests, was measured with an anthropometer after a gentle expiration by the patient in a standing position. 26 Height and weight were also measured, and body mass index was calculated as weight divided by squared height (kg/m 2 ). A body mass index ≥30 kg/m 2 was used as an index of general obesity. Systolic and diastolic blood pressure were measured in triplicate and averaged with participant in the supine position before the assessment of PWV using a validated automatic oscillometric device. Heart rate was measured at Figure 1 . Estimation of carotid-femoral traveled distance over the body surface and using computed tomography (CT) scout images. (a) Carotid-femoral distance was estimated over the body surface using a tape measure and (b) on CT scout images using the ImageJ software and according to a specific protocol (see text for details). In the formula in b, L4_FN was calculated as the square root of the sum of the squares of L4_PS and FN_PS; CA_MS was the same measured above the body surface because this measure is not affected by central obesity. The arrowed line in a represents graphically the potential impact of central obesity in overestimating distances taken over the surface of the body. Abbreviations: CA, carotid artery; FA, femoral artery; L4, fourth lumbar vertebra; FN, femoral neck; MS, manubrium of the sternum; PS, pubic symphysis; UMB, umbilicus.
the same time. Antihypertensive medications included diuretics, beta-blockers, calcium channel antagonists, angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, and/or peripheral vasodilators. Diabetes mellitus was diagnosed according to the 2011 American Diabetes Association criteria 27 or use of diabetes medications.
Statistical analysis
All analyses were done using the SAS package (version 9.3; SAS Institute, Cary, NC) on data stratified by sex. Continuous data are presented as mean ± SD, and categorical data are presented as percentages. Comparisons between women and men were performed using the Student t test or the χ 2 test as appropriate. Subtracted TD (obtained following body contours and potentially biased by central obesity) and subtracted TD CT (from CT images, where linear distances are not influenced by central obesity) were calculated with the same approach (i.e., subtraction method 1, 19 ); therefore they were deemed comparable in values. We calculated the difference between the 2 TD measurements (subtracted TD minus subtracted TD CT ) and between their respective PWV (subtracted PWV minus subtracted PWV CT ) and assessed the association of these differences with WC and other relevant clinical characteristics by linear regression and correlation coefficient analysis. Then, to assess whether removing the effect of central obesity using CT-derived TD or TD estimated from body height would affect the relationship between PWV and different expressions of body and abdominal fat, linear regression and correlation coefficients were also determined for the association between either subtracted PWV, Subtracted PWV CT , 0.8 × direct PWV CT , or estimated PWV with WC, total body fat (kg), total abdominal fat area, subcutaneous fat area, and visceral fat area (cm 2 ). Statistical significance was set at P < 0.05.
RESULTS
Participants' characteristics
The characteristics of the study subjects are shown in Table 1 . The prevalence of central obesity was significantly higher in women than men, as was the amount of total body fat and total and subcutaneous abdominal fat. Men were older than women and had more visceral fat, higher blood pressure, and a higher prevalence of diabetes (Table 1) .
Comparison between body surface-vs. CT-derived TD and PWV As expected, men had longer TD than women, whichever method was used, but the difference between subtracted TD and subtracted TD TC was similar in both sexes (Table 1) . However, this difference was significantly higher in both women and men with central obesity than in their counterparts (women: 5.9 ± 4.5 vs. 3.6 ± 3.7 cm; men: 6.0 ± 4.5 vs. 3.6 ± 3.7 cm; P < 0.0001 for both). As it has been previously shown in our population, 2 men had higher subtracted PWV than women but also had higher Subtracted PWV CT , 0.8 × direct PWV CT , and estimated PWV (Table 1) . In both women and men, we found a linear positive relationship between WC and the difference between subtracted TD and subtracted TD TC , confirming the hypothesis of an overestimation bias of TD (Figure 2a ) and consequently PWV (Figure 2b ) with wider WC in both sexes. Interestingly, for each unit increase of WC, the overestimation of TD (and therefore PWV) appeared to be generally higher in women than men (beta coefficients for female sex in the overall model including WC predicting the difference in TD = 1.63 cm, SE = 0.33, P < 0.0001; predicting the difference in PWV = 0.27 m/sec, SE = 0.06, P < 0.0001) (Figure 2 ). Other significant correlates of the difference in TD and consequently in PWV were the sagittal abdominal diameter, weight, and body mass index ( Table 2 ). Of note, each of these 3 parameters also had a high significant correlation with WC (correlation coefficient >0.75 with P < 0.0001 for all). No association was found between the difference in TD or PWV and body height or age (Table 2 ). In multivariable analysis of the overall sample adjusted for age, sex, race, height, and weight, WC remained independently associated with increased difference in TD (beta coefficient = 0.54 cm; SE = 0.22; P = 0.02) and in PWV (beta coefficient = 0.009 m/ sec; SE = 0.004; P = 0.04).
Impact of distance overestimation on the association between PWV and adiposity
We then separately analyzed the correlation of subtracted PWV, subtracted PWV CT , 0.8 × direct PWV CT , and estimated PWV with WC and different measures of fat, including total body fat by DEXA, and total, subcutaneous, and visceral abdominal fat by CT. All of these measures of adiposity showed significant association with PWV calculated using the distance measured over the body surface. However, none of them, except visceral fat, demonstrated a significant association with PWV calculated using TD from CT scout images (Table 3) . Thus, despite accounting for the overestimation in TD due to central obesity, the association of subtracted PWV CT with visceral fat remained significant ( Table 3 ). The association with visceral fat remained significant also when PWV was calculated using 80% of straight carotid-femoral distance recently recommended by the expert consensus 14 or in women when estimating TD from body height ( Table 3 ). The strength of the association with visceral fat decreased by about one-third when using subtracted TD CT or 0.8 × direct TD CT or estimated TD to calculate PWV as compared with subtracted TD from body surface (Table 3) . These associations were also generally higher in women than men, but not significantly. After multivariable adjustments, including age, sex, hypertension, and diabetes, WC remained significantly associated with subtracted PWV (beta coefficient = 0.019 m/sec per cm of WC; SE = 0.006; P = 0.002), as well as with total body fat and total, subcutaneous, and visceral abdominal fat (P < 0.001 for all). No significant associations were found between either estimated PWV or subtracted PWV CT or 0.8 × direct PWV CT with WC and other quantifications of body fat after accounting for these variables (P ≥ 0.08 for all).
DISCUSSION
This study showed a significant overestimation of TD and consequently of PWV with increasing central obesity in both men and women. For the same increase in WC, women generally displayed higher increase in TD and consequently in PWV. Interestingly, when correcting PWV for the effect of central obesity using TD estimates from CT images or body height, the association between PWV and different quantification of body fat disappeared, except for visceral fat.
Errors in PWV estimation can be introduced in calculating the TD between pulse assessment points. 14, 24 To date, a variety of methods have been used by different groups, which could lead to differences in TD values of up to 15 cm 20 and consequently in PWV values as high as 30%. 13 Consensuses within the field believe that part of these differences are due to the impact that large abdomen and/or breast size may have on the TD measured by tape measure, especially in obese people. 1, 14, 24 However, no community-based study has yet investigated this issue in a large population with prevalent obesity. Huybrechts and colleagues, in a small study, compared the "real TD" measured within the aorta by magnetic resonance imaging with 11 different estimates of TD obtained using a tape measure and showed a small impact of body mass index, even when considering the recommended 80% straight carotid-femoral distance. 20 A more recent paper from the same group and study population compared straight magnetic resonance imaging and tape measure carotid-femoral distance and found significantly longer distances when using a tape measure only in women. 15 However, only 5% of the 98 Pulse wave velocity, PWV PWV using subtracted TD, m/sec 7.4 ± 1.7 8.1 ± 2* PWV using subtracted TD CT , m/sec 6.6 ± 1.5 7.4 ± 1.9* PWV using 0.8 × direct TD CT , m/sec 9.5 ± 2 10.4 ± 2.6* PWV using estimated TD, m/sec 8.6 ± 1.9 9.4 ± 2.4* Data are mean ± SD or percentage. Abbreviation: CT, computed tomography. *P for comparison < 0.0001; **P for comparison < 0.01; ***P for comparison < 0.05.
healthy individuals included in these studies had a body mass index >30 kg/m 2 , and the effect of WC was never tested. 15, 20 To our knowledge, our study is the first to show a linear relationship between the increase in WC and the overestimation of TD and consequently of PWV. Furthermore, in accordance with previous findings, 15 this overestimation appeared to be generally higher in women at all values of WC. Sagittal abdominal diameter, weight, and body mass index were also significant correlates of the difference in TD. These findings shed light on previous reports from our group 2-4 and others [5] [6] [7] [8] [9] [10] [11] [12] showing a significant association between PWV and WC, which, interestingly, was generally stronger in women. Indeed, most of these studies measured the TD following the contours of the body and passing through the sternum and the umbilicus and subtracting the carotid-suprasternal distance, as recommended by prior expert consensuses. 1, 19 At the same time, some studies failed to demonstrate an independent association of WC with PWV, regardless whether TD was measured in a straight line 28 or following the body contours. 29, 30 Beyond the method used to estimate TD, differences in sample size and characteristics, study protocol, and statistical analysis may be responsible for some of the heterogeneity in these results.
Our findings support the most recent recommendations to measure the straight carotid-femoral distance using a sliding caliper or infantometer, 14 particularly in women. 15 Valid alternative estimates may be obtained from body height, 14, 24 and this method would be particularly useful to be tested in previous longitudinal studies. 2, 10, 31 Our findings are also particularly relevant to diet-intervention studies that report the effect of weight loss on PWV using carotid-femoral distance measured over the body. 32, 33 Indeed, the decrease in PWV over time shown in these studies may simply be the result of a reduction in carotid-femoral distance estimation due to the achieved decrease in body weight, WC, and/or body mass index. 32, 33 In our study, PWV obtained using TD measured over the surface of the body was associated with WC and various expressions of body fat, including total body fat by DEXA and different component of abdominal fat quantified by CT, as previously shown. 16, 17, 34 However, after calculating PWV using linear distances obtained from CT scout images or from body height, only the association with visceral fat remained consistently significant in univariable analysis. Interestingly, the same result was observed when using 80% of the straight carotid-femoral distance recommended by a most recent consensus document. 14 These findings support the notion of a specific effect of visceral fat on arterial stiffness. Abbreviations: CT, computed tomography; PWV, pulse wave velocity; TD, traveled distance. *P < 0.001. Abbreviations: CT, computed tomography; PWV, pulse wave velocity. *P < 0.001; **P < 0.01; ***P < 0.05. Otherwise P not significant.
Scant evidence exists in the literature regarding a causeeffect relationship between visceral fat and arterial stiffness. Some previous studies exploring the association between PWV and visceral fat in humans likely suffered from the limitation of measuring TD following the body contours explored in this analysis. 16, 17, 34 Nevertheless, studies using alternative measures of arterial stiffness not affected by TD estimation (such as carotid elastic modulus 1 ) have confirmed the association of PWV with visceral fat [34] [35] [36] and showed that the degree of arterial stiffening with weight gain was determined by the amount of abdominal visceral fat gain, independently of the amount of total body fat gained. 37 Accordingly, a decrease in visceral fat was likely responsible for the effect of weight loss on PWV reported in 2 studies, which estimated PWV using magnetic resonance imaging 38 or maintaining TD constant throughout the course of the study. 39 Several mechanisms have been proposed by which visceral fat may promote arterial stiffening, including the secretion by adipocytes of peptides such as angiotensin, interleukin 6, tumor necrosis factor α, plasminogen activator inhibitor 1, 40 leptin, and adiponectin. 17 Furthermore, visceral obesity is associated with insulin resistance and diabetes, 41 which may serve as part of the link between increased visceral adipose tissue and stiffening of the aorta. 16 PWV measurements have been made in the BLSA measuring the TD over the body surface since 1988. We acknowledge that recent literature has been increasingly suggesting taking the carotid-femoral distance in a straight line and using 80% of this distance as a new standard, 14 instead of the subtraction method used in this study and recommended in previous consensus documents. 1, 19 However, because a definitive agreement is still lacking, to date we have been keen not to introduce any change in methodology that would produce a period shift in our longitudinal data. The straight tape measure carotid-femoral distance was not available in our study, but we used the straight distance from CT scout images as a proxy to calculate the 80% TD recommended by most recent guidelines and to test its association with different fat depots. Because of the likely imperfect overlap between our radiological and over-the-body landmarks, we anticipated that a difference of at least ±3 cm between the two distances within the same individual would be due to measurement error (assuming ±1 cm for each different point of reference; i.e., manubrium of the sternum on body surface vs. on x-ray image, umbilicus vs. L4, and femoral artery vs. femoral neck). The actual location of the femoral pulse, which we assumed at the level of the femoral neck, may also vary significantly in obese individuals 23 who tend to accumulate fat tissue at the groin. 19 For these reasons, we performed sensitivity analyses, which resulted in removing, first, participants with a CT-derived distance greater than the one measured over the body (n = 47 women and 58 men, with a maximum difference of −2.8 and −2.6 cm, respectively) and, second, potential outliers (n = 77, with studentized residual <−2 or >2). After excluding these persons, the results did not differ for either men or women (data not shown). In addition, if the analyses were restricted to participants who underwent PWV examination with the Complior device, the significance of the results did not substantially change (data not shown). Finally, our method did not account for larger bust size in women, which is likely to have contributed to the higher overestimation in carotid-femoral distance and PWV observed in women.
Although a general consensus is still lacking, our study findings demonstrate the important bias introduced when measuring the carotid-femoral distance over the body surface using a tape measure, especially in individuals with larger WC, and strongly support the most recent recommendations to use 80% of the straight carotid-femoral distance (preferentially measured with a sliding caliper or infantometer) as the standard TD for clinical practice. 14 The specific association between visceral fat and PWV demonstrated in this study, together with other data in the literature, [34] [35] [36] [37] emphasizes the role of visceral adipose tissue as a major contributor to arterial stiffness, which certainly deserves further basic and clinical investigation.
